It has been shown that polyammonium cations comprising quaternary ammonium and hydrophilic groups such as amide and hydroxyl groups stabilize a redox enzyme bilirubin oxidase (BOD). The BOD catalyzes the reaction: 4[Fe(CN)6] 4-+ 4H + + O2 → 4[Fe(CN)6] 3-+ 2H2O, and has been a promising enzyme for use as a cathode catalyst in biofuel cells. In this study, the stabilizing effect of poly[oxyethylene(dimethylimino)propyl(dimethylimino)ethylene] (PA1) on BOD has been investigated. The sample solution containing BOD and the PA1 salt was kept at a given temperature, and the loss of the enzymatic activity was detected after given stored times. The activity decreased exponentially with stored time so that the first-order rate-constant of inactivation was determined. The inactivation rate-constant lowered with increasing the concentration of the PA1 salt, suggesting that BOD was stabilized by the association with the PA1 cation. The PA1 cation may act like a protective colloid or decrease the local disorder of BOD by its wrapping. A membrane-covered electrode containing BOD, PA1, and [Fe(CN)6] 4-/3-in the internal solution phase was examined in air-saturated aqueous solution. The electrode gave a well-defined current-potential curve with a steady state limiting current due to the PA1-[Fe(CN)6] 4-/3-polyion complex-mediated bioelectrocatalytic current for the reduction of O2. The decreasing of the steady state limiting current became slower in the presence of the PA1 salt, indicating again the stabilizing effect of PA1 cation on BOD.
3-+ 2H2O, and has been a promising enzyme for use as a cathode catalyst in biofuel cells. In this study, the stabilizing effect of poly[oxyethylene(dimethylimino)propyl(dimethylimino)ethylene] (PA1) on BOD has been investigated. The sample solution containing BOD and the PA1 salt was kept at a given temperature, and the loss of the enzymatic activity was detected after given stored times. The activity decreased exponentially with stored time so that the first-order rate-constant of inactivation was determined. The inactivation rate-constant lowered with increasing the concentration of the PA1 salt, suggesting that BOD was stabilized by the association with the PA1 cation. The PA1 cation may act like a protective colloid or decrease the local disorder of BOD by its wrapping. A membrane-covered electrode containing BOD, PA1, and [Fe(CN)6] 4-/3-in the internal solution phase was examined in air-saturated aqueous solution. The electrode gave a well-defined current-potential curve with a steady state limiting current due to the PA1-[Fe(CN)6] 4-/3-polyion complex-mediated bioelectrocatalytic current for the reduction of O2. The decreasing of the steady state limiting current became slower in the presence of the PA1 salt, indicating again the stabilizing effect of PA1 cation on BOD. 4-/3-ethanediyl)imino-1,2-ethanediylimino(1-oxo-1,2-ethanediyl)-to form polyion complexes and that the polyion complexes can (dimethylimino)-1,3-propanediyl] (PA3), poly(dimethylamine-cobe applied as electron-mediators for membrane-covered bilirubin epichrohydrin) (PA4), which showed the stabilizing effect in the oxidase (BOD) immobilized electrodes. The enzyme catalyzes previous study. 2 The aqueous solutions containing BOD and the following reaction very effectively: 3 the polyammonium cation were kept at 30°C, and the loss of the enzymatic activity was detected after given stored times (ts's).
The activity decreased exponentially with ts so that a first-order rate constant of inactivation 11 could be determined. The and has been promising as a cathode catalyst in biofuel cells. [4] [5] [6] concentration dependence of the rate constant has been The isoelectric point of the enzyme is reported to be 4.1 from discussed. the supplier, so that BOD has negative net charge in the test It has been shown that the PA1 cations associate also with the aqueous medium (pH 7.0). Polyammonium cations associate [Fe(CN)6] 4-/3-anions to form polyion complex species and that with the negative charged solutes or dispersolids to flocculate or the complex species give well-developed anodic and cathodic disperse them. [7] [8] [9] [10] However, interestingly, it has been shown currents. Thus a membrane-covered electrode containing BOD that the polyammonium cations did not form the water-insoluble sediment with BOD; rather, some polyammonium cations stabilized BOD in aqueous medium. 2 The stabilizing effect has been observed remarkably with polyammonium cations comprising quaternary ammonium in the main chain and having hydrophilic groups such as amide and hydroxyl groups.
In this study, we investigated the stabilizing effect of poly- † To whom correspondence should be addressed. 
experimental

Chemicals
Poly[oxyethylene(dimethylimino)propyl(dimethylimino)ethylene hydrogensulfate] was obtained as 15% solution (Nicca Chemical RB300). The average molecular weight of the polyammonium salt was 63000. The PA2, PA3, and PA4 salts with chloride anion were obtained as described in the previous paper. 2 The BOD from Myrothecium verrucaria was donated from Amano Enzyme Inc. (2.83 U mg -1 , Lot No. BOBO551301). The molecular weight is reported to be 68000 from the supplier. The BOD was dissolved in the buffered solution at pH 7.0 to prepare a 20 g l -1 BOD stock solution. A 0.2 g l -1 BOD sample solution (pH 7.0) was prepared with the BOD stock solution, polyammonium solution, and the buffer solution. The sample solution was stored at 30°C, and was assayed after given ts's as described below. 3-Morpholinopropanesulfonic acid (MOPS) and bis(2-hydroxyethyl)iminotris(hydroxylmethyl)methane (BisTris) were obtained from Dojindo Laboratories, and were used as the buffer components. Potassium hexacyanoferrate(II) trihydrate was obtained from Wako Pure Chemical Industries, Ltd. Other chemicals were reagent-grade materials and were used without further purification.
Spectrophotometric assay
The enzymatic activity was measured in the same manner as the previous study. 2 A test solution containing 1 mM K4[Fe(CN)6] and 0.1 M buffer components (pH 7.0) was freshly prepared every day. A 2-ml aliquot of the test solution was put into a spectrophotometer cuvette (1 cm light path). A 20-μl aliquot of the BOD sample solution was added to the test solution. Immediately after addition of the sample solution, the cuvette was shaken for 10 s, and was then set in a UV-visible spectrophotometer (JASCO V-530). The absorbance at 420 nm of the product ([Fe(CN)6] 3-) of Eq. (1) was recorded as a function of time, and the activity was estimated from the initial slope of the absorbance vs. time curve (dA/dt).
Electrochemical measurements
Voltammetric experiments were performed using a three-electrode system.
A plastic-formed-carbon (PFC) electrode (BAS 002409) or the membrane-covered electrode described below, a platinum coil, and an Ag|AgCl (0.1 M KCl) electrode were used as the working electrode, the counter electrode, and the reference electrode, respectively. The CVs were recorded with a home-made electrochemical analyzer. The test solution was kept at 30 ± 1°C.
The dialysis membrane-covered electrode was prepared as follows. A 10-μl aliquot of 0.4 g l -1 BOD and 2.5 g l -1 PA1 salt solution was dropped onto the surface of the PFC electrode. After the solvent was allowed to evaporate, the electrode surface was covered with a dialysis membrane (Viskase Inc., cut-off 
Results and discussion
Stabilizing effect of PA1 on BOD in aqueous solutions
In this paper, the activity of BOD is determined as dA/dt obtained with the sample solution stored for ts, and is expressed as the relative activity referred to that immediately after preparation. The reference dA/dt value was almost independent of the concentration of the polyammonium salts in the sample solutions (cPA). Therefore, the influence of solution conditions on the relative activity would reflect the stabilizing effect of the polyammonium cations.
The relative activity of 0.2 g l -1 BOD stored at 30°C for 2 days in 0.1 M NaH2PO4-Na2HPO4, MOPS-NaOH, and BisTris-HCl buffer (pH 7.0) solution, that is, H2PO4 The value obtained with the BisTrisH + -BisTris 0 system is much higher than those with the H2PO4 --HPO4 2-and MOPS 0 -MOPS -system. The BisTrisH + cation has five hydroxyl groups, so that the buffer component may act like a protective colloid in a similar manner to the polyammonium cations comprising hydrophilic groups.
The BOD was stored in the buffer systems containing PA1 salt, where the molar concentration of PA (cPA = 0.5 g l -1 = ~8 μM) was higher than that of BOD (0.2 g l -1 = ~3 μM). The relative activity of BOD stored for ts = 2 days was determined to be as listed in Table 1 . The values are higher than those for samples stored in the absence of polyammonium salts, indicating that PA1 stabilized BOD in the aqueous media. The relative activity of samples stored in the buffer systems containing 0.5 g l -1 PA2, PA3, and P4 are listed also in Table 1 . The stabilizing effectiveness of PA1 is about the same as those of PA2, PA3, and PA4.
It is noted that such stabilizing effects were not observed with poly[(dimethylimino)-1,6-hexanediyl] and poly(diallydimethylammonium), which do not have hydrophilic groups.
2 Although polyammonium salts have been alternatives of quarter ammonium type cationic surfactants in various applications, 10 the cationic surfactants such as trimethylhexadecylammonium chloride, benzyldimethyltetradecylammonium chloride, and cetylpyridinium chloride facilitated the inactivation of BOD. 2 The inactivation may be attributed to the denaturation by the hydrophobic effect that has been known in cases of anionic surfactants like dodecylsulfate. containing PA1 salt at cPA = 2 g l -1
. The relative activity decreased exponentially with ts, suggesting a first-order kinetics of the inactivation. 11 We assume the following simple mechanism of inactivation:
where iBOD denotes an inactive form of BOD. The relative activity is written as
where ki is the inactivation rate constant of Eq. (2). The fitted curve with Eq. (3) is shown by the solid line in Fig. 2 . The relative activity values for ts = 2 days in 0.1 M MOPS-NaOH buffer containing PA1 at cPA = 1, 2, 5, 10, 20, and 50 g l -1 were determined to be 0.46 ± 0.08, 0.49 ± 0.08, 0.70 ± 0.08, 0.65 ± 0.12, 0.78 ± 0.09, and 0.91 ± 0.10, respectively. The values were used to calculate the ki by Eq. (3). The ki-values are plotted against cPA and log[cPA] in Fig. 3 .
The ki-value decreased linearly with log[cPA]. The regression line is shown by the solid line. The result suggests that, in the range of cPA tested, the stabilizing effect is mainly based on a simple formation equilibrium of BOD-PA1 polyion complex. However, the stoichiometry cannot be determined from the present experimental results. In colloidal titration system 7 with e.g. poly[diallyldimethylammonium chrolide], 1:1 cationic polymer-anionic polymer complex is formed quantitatively, and the polyion complex is usually water-insoluble. In contrast to the case, PA1 may act like a protective colloid to increase the hydrophilicity and to prevent the aggregation of the enzyme. Also, in our previous study, 11 a large positive activation entropy of inactivation of BOD was obtained from the temperature dependence of ki. The stabilizing effect of the polyammonium may be attributed to decreasing the local disorder or to the desolvation of hydrating water molecules during inactivation.
We tried to obtain the concentration dependence on ki for PA2, PA3, and PA4. However, the enzymatic activity could not be determined exactly with the sample solution containing these polyammonium salts at high concentrations (cPA > 5 g l value by the regression equation. Plot b) in Fig. 5 shows the dependence of ipa on ν. With increasing ν, ipa tends to be proportional to ν. A similar dependence of ipa on the scan rate was obtained also from the CVs recorded with the Pt electrode. The results suggest that a certain amount of the polycation complex species adsorbed onto the electrode surface, 13 and the both absorbed and diffusing polycation complex species contributed to the observed current. The potential peak separation when cFe(CN)6 = 0.20 mM and cPA = 0.2 g l -1 was almost independent of ν, and was determined to be 0.078 ± 0.010 V.
The Em when cFe(CN)6 = 0.20 mM and cPA = 0.2 g l -1 was determined to be 0.122 ± 0.010 V vs. polycation complex species cannot be analyzed easily, polyion complex species give well-developed anodic and cathodic currents so that the polyion complex can be applied as the mediator of membrane-covered electrodes.
Stabilizing effect of PA1 on BOD in membrane-covered electrode
The membrane-covered electrode with the internal solution phase containing 4 μg BOD and 25 μg PA1 salt was immersed continually in the 10 μM K4[Fe(CN)6], 0.1 M NaCl, 0.05 M BisTris-HCl test solution, and the CV was recorded at different times after immersion. The test solution was stirred continually, and was kept at 30°C.
Immediately after immersion of the electrode, the limiting current mentioned below increased with time, indicating that [Fe(CN) 6] 4-transferred through the membrane from the test solution into the internal solution phase, and associated to the PA1 cation to form the PA1-[Fe(CN)6] 4-/3-complex species. The limiting current kept increasing for about 10 h after immersion of the electrode into the test solution, and reached a maximum value, suggesting that the formation equilibrium of PA1-[Fe(CN)6] 4-/3-is not attained rapidly. In the following, the time when the limiting current reached a maximum value is taken as ts = 0. Curve a in Fig. 6 shows the CV of the air-saturated test solution at ts = 0. The scan rate was 0.002 V s -1 . An S-shaped current-voltage curve with a limiting current is exhibited. As shown by curve b in Fig. 6 , when the test solution was deaerated by bubbling argon gas, the voltammetric current decreased remarkably. The results indicate that the limiting current can be assigned to a PA1-[Fe(CN)6] 4-/3--mediated bioelectrocatalytic current for the reduction of O2 by BOD.
The applied potential was held at E = -0.1 V vs. Ag|AgCl, and the change in the current, that is the steady-state catalytic current (Iss), was recorded. Figure 7 shows the Iss -ts curves for the 4 μg BOD-immobilized electrodes in the presence and absence of 25 μg PA1 salt in the internal solution phase. The Iss-value at ts = 0 (Iss,0) of the electrode in the presence of 25 μg PA1 was 3 or 4 times larger than that of the electrode in the absence of PA1. One of the reasons is the difference in the concentration of [Fe(CN)6] 4-/3-species in the internal solution phase. Thus, in Fig. 7 , the steady state catalytic currents are normalized by Iss,0.
As shown by plot a in Fig. 7 , Iss decreased remarkably within 1 day for the BOD-immobilized electrode in the absence of PA1 salt. On the other hand, as shown by plot b, Iss decreased slowly for the BOD-immobilized electrode in the presence of 25 μg PA1 salt, and it took more than 2 weeks to decrease to a half. The PA1-[Fe(CN)6] 4-/3-complex species can be considered to be stable within the time from the voltammetric experiment using the 0.20 mM K3[Fe(CN)6] or K4[Fe(CN)6], 0.2 g l -1 PA1 salt solution stored for 2 weeks. Thus the decrease of Iss can be attributed mainly to the inactivation of BOD. The Iss decreased exponentially with ts so that the Eq. (3) could be fitted to the plots to obtain ki. From plot a, the ki when the PA1 salt was absent from the internal solution phase was determined to be ki = 4.4 day -1 , which may be compared with ki = 0.83 day -1 obtained for the aqueous solution above. The inactivation process may not differ in the simple solution and in the internal solution phase of the membrane-covered electrode. From plot b, the ki when the 25 μg PA1 was present was determined to be ki = 4.3 × 10 -2 day -1 , which is 100 times lower than that in the absence of PA1. Also, the Iss -ts curve was recorded with the BOD-immobilized electrode in the presence of 10 and 125 μg PA1 salt, and the ki was determined to be 3.2 × 10 -1 and 3.4 × 10 -2 day -1 . Although the dependence of ki on the amount of PA1 salt seems to be complicated, the experimental results indicate clearly that PA1 stabilizes BOD also in the internal solution phase of the membrane-covered electrode.
Thus, it can be concluded that poly[oxyethylene(dimethylimino)propyl(dimethylimino)ethylene] is also useful for the stabilizer for BOD. The study is now being extended to other polyammonium cations as well as other redox enzyme systems.
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